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Abstract 
The central theme of this research is to study methane conversion to synthesis gas 
focusing on the redox capabilities of cerium oxide. 
Reaction of methane with platinum or ruthenium supported on Cel-xZrx02 (x=O, 
0.2, 0.5) in the absence of gaseous oxygen was studied in a packed-bed reactor at 550-
700°C. The oxidation of methane utilized lattice oxygen of the support, which was 
subsequently restored by reacting with oxygen in a separate step. Thus, by using the 
redox property of cerium oxide, methane oxidation can be carried out by air without 
diluting the product with nitrogen. Addition of Zr02 into Ce02 increased the reducibility 
of the oxide as well as the rate of methane oxidation but decreased the selectivity to CO 
and H2. The rate of oxidation was initially very fast but slowed down as the oxide support 
became progressively reduced. On the other hand, the selectivity increased with the 
reduction of the support and sharply rose to over 90% as the support attained 10%,40%, 
and 65% degree of reduction for the oxide compositions x=O, 0.2, and 0.5, respectively. 
Partial oxidation of methane to synthesis gas over 0.5wt% Pt/ Ab03 and 0.5wt% 
PtfCe02 catalysts was studied in a packed-bed reactor. At temperatures up to 650°C, the 
PtfCe02 catalyst gave higher conversion and higher selectivity but the activity and 
selectivity became comparable to those of Ptf AhO] above 700°C. The Pt/Ce02 catalyst 
also maintained high conversion and high selectivity when the CHt:02 feed ratio varied 
from l.7 to 2.3 while the Ptf Ab03 catalyst had considerably lower selectivity under 
methane-rich conditions. The effect of reducibility of support on the catalytic activity was 
discussed. 
v 
A multiple microreactor system for parallel testing of heterogeneous catalysts was 
developed. The reactor system was composed of nine tubular microreactors housed in a 
single wider tube and used a mUltiposition valve to conduct the reaction products 
sequentially from each microreactor to a mass spectrometer for analysis. The catalyst 
samples were prepared in the form of thin films coated on quartz rods for convenience of 
preparation and loading samples in the reactors. The system was tested with the reaction 
of methane reforming with carbon dioxide over Pt/Ce' -xGdx02-o5x and Pt/Cel-xSmx02-0.5x 
at 650°C and 700°C. The measurements showed that pt/CeOz had the highest activity and, 
generally, the activity increased with cerium oxide content. After exposure to the feed 
stream for 2-3 hours at 700°C, most catalysts suffered significant deactivation with the 
exception of the mixed oxides with 25-85% samarium oxide that maintained relatively 
stable activity. 
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Conversion of methane, the major component of natural gas, to useful chemicals 
and liquid fuels has received much attention due to a strong economic incentive driven by 
the abundant natural gas supplies. Currently, methane is mainly used as a clean-burning 
fuel for heating homes, buildings, and also for the generation of electrical power. The use 
of methane as a chemical feedstock for producing chemicals and liquid fuels is still 
limited due to its chemical inertness. Moreover, large quantities of methane that are 
found in remote areas and cannot be economically transported to communities or 
industrial complexes, are generally reinjected into the resources or flared or vented out 
which is a waste of the nonrenewable natural resources [1]. To utilize the remote natural 
gas, methane must be converted to more easily transportable products or liquids of higher 
value. Besides, with the rapid discovery of global natural gas reserves outpacing growth 
in oil reserves over the past 20 years [2] and the high crude oil prices nowadays, the 
production of liquid fuels from methane is becoming more attractive. 
Methane can be converted to fuels and useful chemicals by either direct 
conversion to C2 and higher hydrocarbons or methanol or by indirect conversion via 
synthesis gas (a mixture of H2 and CO). Although the direct conversion is the more 
desirable route, it is still in an early experimental stage and no viable process has been 
developed. On the other hand, the indirect route is a much more mature technology. 
Production of synthesis gas has been commercially operated in large-scale industrial 
plants by steam reforming of methane. 
L1H = 206 kllmol (1.1) 
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The synthesis gas and hydrogen produced from the steam reforming can be used in many 
industrial processes, e.g., ammonia synthesis, methanol synthesis, Fischer-Tropsch 
synthesis of higher hydrocarbons, etc. Although steam reforming is an established 
process, it requires high investments and high operating costs due to the highly 
endothermic nature consuming large amounts of energy and requiring high operating 
pressure and temperature (>900°C). It has been estimated that above 60-70% of the 
overall cost of the downstream processes is associated with the synthesis gas production 
[3]. Reduction in the cost of synthesis gas production would have a significant influence 
on the economics of the downstream processes. Therefore, extensive research effort has 
currently been carried out to improve the process and reduce the cost of synthesis gas 
production. 
Partial oxidation is an attractive alternative to the conventional production of 
synthesis gas because it is slightly exothermic and gIves a H 2/CO ratio of 2 that IS 
suitable for Fischer-Tropsch and methanol synthesis. 
~H = -35 kJ/mol (1.2) 
However, to avoid high dilution of products by nitrogen partial oxidation requires the use 
of pure or enriched oxygen, which costs extra investments in air separation plants. The 
reaction can be carried out with high conversion and high selectivity over noble metal 
catalysts or Ni catalysts [4-13]. In most catalysts, the reaction involves total combustion 
followed by reforming of the remaining C~ with CO2 and H20 [8, 12]. Therefore heat 
management is an important issue of reactor design for the partial oxidation process to 
accommodate a large amount of heat released at the front end of the catalyst bed by 
combustion of methane. In addition, handling of large quantities of undiluted oxygen as 
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well as oxygen-methane mixture requires extra precautions and high safety reactor 
configurations to reduce explosion hazards. The partial oxidation can also be carried out 
in a membrane reactor (14-16] where methane and air are passing on the different sides 
of the membrane. The membrane acts as a barrier preventing direct mixing of air and 
methane but allows oxygen to penetrate through to react with methane on the other side. 
Strong research effort is currently under way by industrial and academic groups to 
develop stable ceramic membranes as well as high activity catalysts and suitable reactor 
configurations for partial oxidation of methane. 
In this research, a two-step process of methane partial oxidation was investigated 
involving oxidation of methane by a redox oxide catalyst and then regeneration of 
catalyst in air or oxygen. By separating the two reaction steps, methane is never in direct 
contact with air or oxygen therefore dilution of product by nitrogen and formation of 
flammable methane-oxygen mixture can be avoided. For the above reasons, reaction of 
methane with platinum or ruthenium supported on cerium-zirconium oxide and 
regeneration of the used catalysts by oxygen were studied in a packed-bed reactor. In 
addition, methane partial oxidation using gaseous oxygen was also studied over platinum 
supported on cerium oxide to determine the effect of reducibility of support on the 
catalytic activity. 
Reforming of methane with carbon dioxide has recently regained considerable 
attention. Fischer and Tropsch [17] were the first to study this reaction in 1928 and 
showed that most group vrn transition metals had high activities for the reforming 
reaction. 
~H = 247 kllmol (1.3) 
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The carbon dioxide reforming has advantages over the steam reforming of producing a 
lower H2/CO ratio which is more suitable to Fischer-Tropsch synthesis and providing a 
useful means of reducing emission of carbon dioxide which is a greenhouse gas. The 
reaction has a major drawback of rapid catalyst deactivation due to carbon deposition. 
Although commercial processes for carbon dioxide reforming of methane such as the 
Calcor Process [18] and the SPARG Process [19] are available, additional research is still 
needed to develop more stable catalysts with high resistance to coking. 
In the last section of this thesis, a multi reactor system for parallel testing of 
heterogeneous catalysts was described. The parallel approach allows large numbers of 
materials to be systematically synthesized and tested for catalytic activity in a high-
throughput fashion thus enhancing the success rate of catalyst discovery. The proposed 
reactor system consists of nine tubular microreactors operating in parallel. The catalyst 
samples are in the form of thin films coated on quartz rods for fast sample preparation 
and convenient sample loading to the reactors. Methane reforming with carbon dioxide 
over a series of platinum supported on rare earth oxides catalysts was tested in the 
multireactor system. 
1.2 Outline 
In Chapter 2, reaction of methane with platinum or ruthenium supported on 
cerium-zirconium oxides and regeneration of the used catalysts by oxygen were studied 
in a packed-bed reactor. The effect of metal loading, oxide composition, and surface area 
were also investigated. 
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In Chapter 3, methane partial oxidation over platinum catalysts supported on 
cerium oxide and on aluminum oxide was studied in a packed-bed reactor. The effect of 
reducibility of the support on the catalytic activity was investigated. 
Chapter 4 presents a multireactor system for parallel testing of heterogeneous 
catalysts. The multireactor system was tested with the reaction of methane reforming 
with carbon dioxide over platinum supported on mixed rare earth oxides. 
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Abstract 
Partial oxidation of methane to synthesis gas over platinum or ruthenium 
supported on Cel-xZrx02 (x=O, 0.2 and 0.5) was studied at 550-700°C in the absence of 
gaseous oxygen. The reaction was carried out in a packed-bed reactor under continuous 
or pulsed flows of methane. Oxidation utilized oxide oxygen and was initially very fast 
but slowed down as the oxide support became progressively reduced. Addition of zr02 
into Ce02 considerably increased the rate of methane oxidation and enhanced the 
reducibility of Ce02 but decreased the selectivity to carbon monoxide and hydrogen. 
Specifically it was found that significant production of carbon dioxide and water occurred 
on the freshly oxidized solid until a certain degree of reduction was reached beyond 
which the selectivity to carbon monoxide and hydrogen rose to over 90%. This critical 
degree of reduction was 10%, 40% and 65% for the solid compositions x=O, 0.2, and 0.5 
respectively. Additional experiments carried out using carbon monoxide pulses showed 
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that carbon monoxide oxidation declines sharply and becomes negligible beyond this 
degree of reduction while oxidation of methane continues much further. Comparison of 
the two metals showed that platinum is more active but the reaction rate did not change 
much in the range of platinum loadings of 0.25-1 wt%. 
2.1 Introduction 
Conversion of methane to liquid fuels or chemicals is currently investigated as a 
means of utilizing natural gas resources, especially remote natural gas that cannot be 
economically transported by pipeline. The standard commercial process involving steam 
reforming to synthesis gas followed by Fischer-Tropsch or methanol synthesis is well 
established but has high capital and operating costs. Considerable research effort is 
therefore devoted to improving the efficiency of the two major steps, i.e., synthesis gas 
production and Fischer-Tropsch synthesis. Several direct conversion processes such as 
oxidative or dehydrogenative coupling to C2 and higher hydrocarbons are also being 
investigated. 
A major thrust in indirect conversion is to replace steam reforming with partial 
oxidation in the synthesis gas production step. Such partial oxidation can be carried out 
on supported nickel and other supported metal catalysts with high hydrogen and carbon 
monoxide selectivities [1-5]. The exothermic rather than endothermic nature of the 
reaction simplifies reactor and associated equipment although it requires additional safety 
measures in handling the methane-oxygen reactant stream. An alternative ultrafast partial 
oxidation on rhodium-coated monoliths or Pt-Rh gauzes provides high selectivities and 
has the advantage of very compact reactors [6-9]. Either of these two partial oxidation 
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processes must use pure oxygen rather than air to avoid extensive dilution of the product 
gas by nitrogen that would interfere with the downstream Fischer-Tropsch or other 
synthesis. The air separation plant required for this purpose is a major component of the 
overall process cost. 
Partial oxidation can also be carried out by passing methane and air at opposite 
sides of certain ceramic membranes possessing mixed ionic and electronic conductivity. 
Oxidation of methane takes place by utilizing lattice oxygen which is continuously 
supplied from the air side of the membrane avoiding mixing of nitrogen with the product 
stream. A strong effort is currently under way by industrial groups to develop stable 
ceramic membranes and modules for this promising version of partial oxidation [10-13). 
Partial oxidation by redox oxides also permits the use of air rather than oxygen 
without diluting the product gas with nitrogen. In the first half of the redox cycle, 
methane is contacted with an oxide like Ce02 and partially oxidized to a H2-CO mixture, 
while in the second half of the cycle the partially reduced oxide is reoxidized with air. By 
separating the two reactions, methane and air are never brought into direct contact, 
avoiding nitrogen dilution of the product and formation of flammable mixtures. A similar 
cyclic redox operation has been commercialized for butane oxidation to maleic anhydride 
on vanadium-phosphorus oxide using fluidization technology [14]. 
Cerium oxide is used as an oxygen storage component of automotive catalysts but 
by itself has very low activity for hydrocarbon oxidation. A metal like platinum can be 
added to supply the required activity for C-H bond dissociation. The partial oxidation of 
methane to synthesis gas using Ce02 as an oxidant was first reported by Otsuka et al. [15-
17]. These authors used a mechanical mixture of platinum black powder and low surface 
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area Ce02 powder (6.3 m2/g). Because of the limited contact between the two 
components and the low surface area of Ce02, the reaction was rather slow and led to 
rapid carbon formation if continued beyond a 40% degree of Ce02 reduction to Ce20". 
Oxide reoxidation was studied using water or carbon dioxide as oxidants. 
In this paper, we report partial oxidation of methane to synthesis gas on platinum 
supported on high surface area Ce02 or Ce02-Zr02 solid solutions. Deploying platinum 
in supported form is obviously necessary for faster reaction and also permits higher 
utilization of the oxide oxygen without extensive carbon formation. The reaction is 
studied in continuous and pulsed flows of methane, the latter providing detailed 
information about the effect of the oxide oxidation state on reaction rate and selectivity. 
The effects of metal loading, oxide composition, and oxide surface area are also 
investigated. 
2.2 Experimental 
2.2.1 Catalyst preparation 
Three oxide supports, Ce02, CeO.8ZrO.202, and Ceo.sZrO.S02 were synthesized using 
the citrate complexation technique [IS]. Specified quantities of Ce(N03h.6H20 (Alfa, 
99.5%), ZrCl4 (Aldrich, 99.9%), and citric acid (Aldrich, 99.5%) in a 1: 1 molar ratio of 
metal ions and acid, were dissolved in water individually, the solutions were mixed, and 
the mixed solution was evaporated and dried at 70-S0°C under vacuum for 4-6 h. The 
resulting pale yellow foam-like solid was calcined in air at 600°C for 4 h to a fine yellow 
powder. In order to obtain samples with different surface areas, a sample of cerium oxide 
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was prepared by the method described above but was calcined at 500°C instead. 
Additionally, a high surface area cerium oxide (Anan Kasei, 99.9%) and a low surface 
area cerium oxide (Alfa, 99.5%) were also used. Most of the reaction experiments were 
carried out with samples prepared by the citrate complexation technique and calcined at 
600°C, unless indicated otherwise. 
The oxide powder was densified and granulated by the following procedure [19]. 
The powder was mixed with a small amount of water and a measured quantity (4wt% of 
the oxide powder) of colloidal silica (Aldrich, LUDOX® SM-30) as a binder. The mixture 
was worked to a dense paste which was wrapped in cloth, placed between two metal 
plates and compressed by a mechanical vise. Subsequently, the paste was calcined at 
600°C for 4 h, crushed and screened to 25-50 mesh (0.7-0.3 mm) powder. 
The metal components were added to the granulated oxide supports by incipient 
wetness impregnation. The metal solutions were prepared by dissolving Ru(CsH70 2)3 
(AI fa) or PtCl4 (Alfa, 99.9%) in ethanol and water, respectively. Impregnation was carried 
out by gradual addition of the metal solution until the solid appeared moistened. The 
moistened solid was stirred thoroughly and dried at room temperature. The process was 
repeated until the desired metal loading (0.25-1 wt%) was achieved. The resulting solid was 
dried at room temperature overnight before being calcined at 600°C in air for 4 h. 
2.2.2 Catalyst characterization 
X-ray diffraction analysis of the catalysts was carried out by a Scintag Pad V 
diffractometer using Cu-Ka radiation. The specific BET surface area of the samples was 
measured by nitrogen adsorption at liquid nitrogen temperature using a Micromeritics 
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ASAP 2000 analyzer. The results of the nitrogen adsorption measurements and XRD 
analyses are given in Table 2.1 while the X-ray diffraction patterns are shown in Fig. 2.l. 
The broad peaks indicate small grains, the size of which was estimated using Scherrer's 
equation. With addition of Zr02, the diffracting peaks were shifted to higher 28 angles. 
No isolated Ce02 or zr02 peaks were observed for the CeO.8Zr0202 and Ceo.SZrOj02 
samples, indicating that the quantities of any pure oxides not incorporated in the solid 
solution were small. 
2.2.3 Reactor setup and pretreatment conditions 
The reactor consisted of a 4-mm ID quartz tube placed into a vertical, electrically 
heated tube furnace. A catalyst sample of 0.1 g was placed in the center of the quartz tube 
and supported at the bottom by a layer of quartz wool and at the top by 0.1 g of 25-35 
mesh (0.42-0.7 mm) quartz chips. A thermocouple was attached to the outside surface of 
the reactor tube and connected to a temperature controller. The reactor was heated up to 
the reaction temperature (550, 600, 650, or 700°C) with a heating rate of lOoC/min in a 
flow of oxygen (50 cm3/min) and the temperature was kept constant throughout the entire 
experiment. Prior to each experiment the catalyst was pretreated in the oxygen flow at 
the reaction temperature for 1 h and it was then purged with a flow of inert gas (argon or 
helium) for 1 h. 
2.2.4 Continuous flow experiments 
After catalyst pretreatment, flow of the reactant gas consisting of 5% or 20% of 
methane in helium or argon at 50 cm3/min was initiated and maintained for 7 minutes. 
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The catalyst bed was subsequently purged by argon or helium for 10 min at the reaction 
temperature. Oxygen was then added to the purge stream at 5% by volume to reoxidize 
the oxide and bum out any deposited carbon. Finally, the catalyst was pretreated again as 
described above to prepare for a new reaction cycle. 
A UTI 100C mass spectrometer was used to analyze continuously the products 
during the flow of methane and during oxide reoxidation. The measurements of carbon 
oxides evolved during reoxidation were used to determine the quantity of carbon formed 
during the preceding methane flow under the assumption that the carbon deposited was 
completely burnt out in the reoxidation treatment. 
2.2.5 Pulse experiments 
Methane oxidation and oxide reduction were also studied by passing sequences of 
methane or carbon monoxide pulses (0.25, 0.5, or 1 cm3 per pulse) through the catalyst 
bed. The pulses were carried by helium at 50 cm3/min flowrate and were separated by I 
min intervals. Each sequence of methane or carbon monoxide pulses was followed by a 
sequence of oxygen pulses to reoxidize the catalyst and measure the previously deposited 
carbon. Unconverted reactants and reaction products during pulsing by methane, carbon 
monoxide, or oxygen were continuously measured with the mass spectrometer. 
2.3 Results and discussion 
Since zr02 is not reducible at the temperature range studied in this work [20], 
oxygen supplied for the oxidation of methane derived from reduction of cerium or from 
16 
any oxygen adsorbed on the surface following the original pretreatment by oxygen flow. 
The latter possible source of oxygen was neglected on account of the inert purge 
following that oxidation. 




Therefore, the calculations were based on the stoichiometry and the oxidation state of the 
oxide at any time during reaction was characterized by the degree of reduction (DR) 
defined as the percentage of Ce02 reduced to Ce203. In Eq. (2.2) the total oxygen release 
is given by nco + 2nC02 + nH20, where nco, nC02, nH20 are the cumulative molar quantities 
of CO, CO2, and H20 produced by the reaction and nCe is the gram-atoms of cerium in 
the oxide. The amount of water produced was estimated from a hydrogen balance 
because it could not be quantitatively measured by the mass spectrometer. 
The selectivity to carbon monoxide was defined as 
__ n--=.Co",--_ * 1 00 (2.3) 
This definition focuses on the definition of the gaseous products. The selectivity with 
respect to the total products is slightly lower and can be calculated by including the 
carbon produced. 
2.3.1 Continuous flow experiments 
The methane oxidation experiments reported in this work are inherently transient 
since the oxidation level of the solid declines with the consumption of lattice oxygen. 
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Methane conversion and product evolution decline accordingly and become negligible 
after 5-10 minutes. The duration of flow experiments was therefore limited to 7 minutes 
in all runs. Preliminary experiments in our laboratory had shown that oxidation of 
methane on pure oxide Ce02 is very slow in agreement with the reports of Otsuka et at. 
[15-17]. A metal component was, therefore, added as described in catalyst preparation . 
Three metals were tested for this purpose, nickel, ruthenium, and platinum. Nickel gave 
rise to a considerably lower activity than ruthenium and platinum, hence, it was 
abandoned early in the study. 
Fig. 2.2 shows transient product concentrations for reaction of 5% C~-Ar at 
600°C on 0.5 % Ru/CeJ.xZrx02 and 0.5% PtlCeJ.xZrx02. The reactions were initially very 
fast and produced significant quantities of carbon dioxide and water in addition to the 
desired products, carbon monoxide and hydrogen. With the decline of the oxidation level 
of the oxide, methane conversion gradually declined while carbon dioxide and water 
formation declined more rapidly to a very low level. It is well known that addition of 
Zr02 increases the reducibility of Ce02 by introducing a defective fluorite structure that 
enhances oxygen mobility [20]. One would accordingly expect the oxidation rate of 
methane on CeOZ-Zr02 to be faster than on pure Ce02. The sharper product peaks for 
Ce02-Zr02 compared to Ce02 in Fig. 2.2, for both platinum and ruthenium, bear out this 
expectation . Methane conversion was about the same for reaction on pure Ce02 and on 
Ce02-Zr02 but reaction on CeOz-ZrOz was less selective, producing substantial 
quantities of carbon dioxide and water. Comparison of the two metals shows that 
platinum has higher activity with the pure Ce02 support but there is not much difference 
with the mixed supports. Reaction on ruthenium supported on CeO.8ZrO.202 or Ceo.SZrOS02 
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appeared to have induction periods of several seconds before evolution of reaction 
products. As it has been reported that ruthenium supported on rare earth oxide (La, Ce, 
etc.) is readily oxidized to Ru02 [21], this delay may be due to the time required to 
reduce the ruthenium oxide generated in the preceding pretreatment. In view of its higher 
activity, platinum was chosen for the remaining runs reported below. 
2.3.2 Effects of temperature and methane concentration 
Fig. 2.3 shows product evolution for reaction of 20% methane in helium at 600°C 
on three PtlCel_xZrx02 samples. Peak shapes appear to be sharper than in Fig. 2.2, 
signaling the faster reaction rate and the earlier depletion of oxide oxygen at the higher 
methane concentration. Table 2.2 lists quantities of products obtained from reactions of 
5% and 20% methane at 600°C and 700°C on the PtlCe02 sample. The first cycle of each 
experiment was conducted with fresh catalyst, while the second cycle was carried out 
after reoxidation of the oxide and carbon burnout at the reaction temperature. For reaction 
of the 5% methane mixture, there was a large decrease of product formation from the first 
to the second cycle. For the mixture containing 20% methane, on the other hand, there 
was only a slight change from the first to the second cycle. More surprisingly, the degree 
of reduction and total products formed in the first cycle were higher with the 5% methane 
mixture. This counterintuitive result may be explained by a faster carbon deposition rate 
at the higher methane concentration. A more extensive carbon buildup on the metal 
during reaction of the 20% methane gas caused an early decline of the reaction rate, 
thereby, preventing Ce02 from being deeply reduced. Perrichon et al [22] reported that 
reduction of Ce02 beyond 60% forms a hexagonal Ce203 phase that is more difficult to 
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reoxidize. The decline of activity from the first to the second cycle for reaction of the 5% 
methane mixture could be attributed to the difficulty of fully oxidizing the deeply 
reduced Ce02, indicating that complete reoxidation may not be achieved under the 
regeneration conditions at 600°C. 
At 700°C the reaction with 5% methane mixture again yielded a larger amount of 
products which, however, decreased only slightly from the first to the second cycle. 
Evidently, regeneration of the deeply reduced oxide at 700°C was almost complete. For 
the 20% methane mixture, raising the temperature from 600°C to 700°C did not 
significantly change total product formation except that the deposited carbon increased at 
the cost of the other products. It appears, therefore, that at high concentration of methane, 
carbon deposition can suppress the reaction before depletion of the available lattice 
oxygen. Similar effects of temperature and methane concentration were also observed for 
the CeO.8ZrO.202 and Ceo.sZrO.S02 samples. Carbon deposition would appear to be a 
problem in industrial application of this catalyst when the feed would be pure methane. 
However, if a riserlfluidized bed reactor system is used, coking can be kept under control 
by maintaining a high enough ratio of solid to gas flowrates. 
2.3.3 Reaction with carbon monoxide pulses 
Fig. 2.4 shows the conversion of successive pulses of carbon monoxide at 600°C 
and 700°C versus degree of reduction of the oxide. At both temperatures, all samples 
show very high initial activity for oxidation of carbon monoxide so that the complete 
conversion was observed. Until a certain degree of reduction has been reached the 
reaction declines very fast to a very low level. The degree ofreduction at which the sharp 
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decrease in the rate takes place increases with the content of Zr02 in the oxide. At 600°C, 
it is approximately 8%, 30%, and 50% for Ce02, CeOo sZro 202, and Ceo sZro S02, 
respectively. At 700°C these values are slightly higher but the effect of Zr02 content 
remains the same. 
Regeneration of the samples reduced with carbon monoxide was conducted by 
passing oxygen pulses at the reaction temperature. Reoxidation was very fast and highly 
exothermic with full consumption of oxygen in each pulse until the oxide was nearly 
fully oxidized. No carbon oxides were produced showing that there was no carbon 
deposition during the preceding reaction with carbon monoxide. The measured oxygen 
consumption was in good agreement with the amount of carbon dioxide produced during 
the preceding pulsing with carbon monoxide except for the Pt/Ceo.sZrO.S02 sample where 
oxygen consumption was 10-20% lower than the lattice oxygen consumed in the 
preceding sequence of carbon monoxide pulses. Part of this difference could be 
measurement error but it is also possible that the deep reduction of this particular sample 
prevented full reoxidation. 
2.3.4 Reaction with methane pulses 
The reaction of I-cm3 -methane pulses with the three Pt/Cel_xZrx02 samples was 
studied at 600°C. For all samples, the reaction started off with relatively high conversion 
of methane in the first pulse, i.e., 40% for the Pt/Ce02 sample and 60-70% for the Zr02-
containing samples (see Fig 2.5a). Afterward, there was a sharp decline of methane 
conversion from pulse 1 to pulse 2 and a slower decline thereafter. On the other hand the 
carbon monoxide selectivity rises sharply from very low level to above 90% within the 
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first few pulses. There are pronounced differences between samples with different Zr02 
content. The samples having higher zrOz content give higher initial methane conversion 
but lower carbon monoxide selectivity and require a larger number of pulses to bring the 
selectivity to the 90%+ level. As shown in Fig. 2.5b, where methane conversion is 
replotted versus degree of reduction, the ZrOz-containing samples have significantly 
higher activity and can be reduced further than the Pt/Ce02 sample. Figure 2.5c 
summarizes total products up to 40 methane pulses for the three samples, showing that 
Ce02 yields higher amount of total products as well as higher selectivity to hydrogen and 
carbon monoxide. 
To determine the effect of degree of reduction on carbon monoxide selectivity, 
several additional experiments were conducted using 0.25 and 0.5 cm3 pulse volumes. 
The results were plotted in Figure 2.6 show that with all samples, the reaction initially 
results in complete oxidation of methane until a certain degree of reduction has been 
reached after which the selectivity to carbon monoxide rapidly increases to close to 
100%. The degree of reduction at which this rapid selectivity takes place is about 10%, 
40%, and 65% for Ce02, CeO.8ZrO.202, and Ce0.5Zr0.502, respectively. It is noted that the 
rise of carbon monoxide selectivity in the methane pulse experiments (Fig. 2.6) and the 
decline of carbon monoxide oxidation rate in the carbon monoxide pulse experiments 
(Fig. 2.4) take place at about the same degree of oxide reduction. Related to these 
observations is the fact that the oxides can be reduced to a greater extent with methane 
than with carbon monoxide. For example, at 600°C the Pt/Ce02 sample could be reduced 
to 60% with methane while the degree of reduction with carbon monoxide did not seem 
to exceed 20%. 
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Fig. 2.7 shows the results of reaction of methane pulses on 0.5% Pt/Ce02 samples 
at four different temperatures. The methane oxidation rate and the maximum degree of 
oxide reduction increase with temperature while the carbon monoxide selectivity is 
independent of reaction temperature except for the first couple of pulses. Fig. 2.8 shows 
the cumulative products from 30 methane pulses. Increasing the temperature resulted in 
increased hydrogen and carbon monoxide production. Carbon dioxide was in all cases 
very low and did not significantly increase with temperature while water increased 
substantially but remained as a minor product. 
2.3.5 Effect of oxide surface area 
Figure 2.9 shows methane conversion and carbon monoxide selectivity versus 
degree of reduction on four catalysts of 0.5% platinum supported on Ce02 of different 
surface areas. Among the three catalysts of surface areas 40, 56, and 112 m2jg, methane 
conversion slightly increased and CO selectivity slightly decreased with increasing 
surface area. However, the catalyst of 4 m2jg surface area had considerably lower 
conversion and higher selectivity. The lower activity of that catalyst may have been due 
to the more severe sintering employed in its preparation as also evidenced by its larger 
grain size (Table 2.1) or to a lower metal dispersion. 
It is known that cerium oxide is susceptible to surface area loss by thermal and, 
more severely, by chemical treatment [23, 24]. In our experiments, no significant loss of 
surface area was observed when the samples were heated in air at 600°C. However, there 
was significant surface area loss after reduction-oxidation cycles. For example, for one of 
the samples the initial surface area of 40 m2jg was reduced to 29 m2jg and 23 m2jg after 2 
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cycles of reduction by methane pulses and reoxidation, at 600°C and 700°C respectively. 
Despite this loss of surface area in the continuous flow experiments, the sample regained 
most of its initial activity after regeneration at 700°C confirming the relatively weak 
effect of oxide surface area on the reaction. 
2.3.6 Effect of platinum loading 
To investigate the effect of platinum loading on the reaction, additional samples 
of 0.25% and 1 % Pt/Ce02 were prepared and subjected to reaction with methane pulses 
at 600°C. Interestingly, there was no significant variation in activity among the samples 
with different platinum loading. Unfortunately, measurement of metal surface area for 
these catalysts is ambiguous because of considerable hydrogen chemisorption on the 
oxide. Transmission Electron Microscopy (TEM) characterization of particle size was 
attempted but, unfortunately, in the TEM micrographs the platinum particles could not be 
clearly distinguished from the far more abundant small cerium oxide grains. As an 
alternative characterization we measured the rate of carbon monoxide hydrogenation on 
the four catalyst samples at 350°C. The major products of this reaction were methane and 
carbon dioxide as previously reported by Kalakkad et al. [25]. The authors reported that 
the ratio of carbon dioxide to methane productions from this reaction was found to be 
very sensitive to the Pt-Ce02 contact and it increased with the metal dispersion. 
Unfortunately, the dependence is complicated and not linear so that it can not be used as 
a direct method to quantify the dispersion of the metal supported. In our experiments the 
rates came out to be approximately proportional to the metal loading (Fig. 2.10) 
suggesting that the metal area is also proportional to the loading. Accordingly, the ratio of 
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the rates of carbon dioxide to methane productions does not change much with increasing 
metal loading implying that the differences in metal dispersion among these samples are 
not substantial. 
The metal loading results and previous studies have demonstrated that methane 
activation on platinum is relatively fast. Possible rate determining steps are oxidation of 
chemisorbed carbon at the metal-oxide perimeter, or interface, or diffusion of oxide ions 
to the metal-oxide interface. In the first alternative the rate should be proportional to the 
metal-oxide perimeter but this possibility is difficult to reconcile with the relatively 
constant dispersion suggested by the carbon monoxide hydrogenation experiments. Solid 
state diffusion as a rate determining step is also difficult to reconcile with the fast 
reoxidation of the reduced oxides observed in the oxygen pulse experiments. Further 
work is obviously needed to sort out these issues. 
The foregoing discussion may be visualized in the reaction scheme shown in Fig. 
2.11. Methane is dissociatively chemisorbed on the metal component in step 1. 
Dissociation is depicted as a single step although it probably takes place stepwise. The 
chemisorbed carbon is either oxidized by lattice oxygen (step 2) at or near the contact 
perimeter between the oxide and platinum particles, or forms an inactive form of carbon. 
The surface carbon monoxide can either desorb (step 3) or be further oxidized (step 4) 
with the relative rates of these two reactions controlling the carbon monoxide selectivity. 
At any given concentration of chemisorbed carbon monoxide the rate of step 3 
(desorption rate) is probably insensitive to the oxidation state of the oxide, while the rate 
of step 4 (further oxidation) decreases rapidly with increasing degree of reduction. As a 
result, the rapid rise of carbon monoxide selectivity as the oxide support is progressively 
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reduced. A similar argument can be advanced to explain hydrogen selectivity on the basis 
of the relative rates of steps 5 and 6. The above scheme is plausible but more work is 
obviously needed to confirm individual steps and settle the previously raised questions 
about metal loading and oxide surface area. 
2.4 Conclusions 
Methane partial oxidation takes place readily in the absence of gaseous oxygen by 
reaction with Ce02-Zr02 containing platinum or ruthenium. Platinum has higher activity 
although the reaction rate varies little with metal loading in the range 0.25-1 %. Likewise 
variation of the oxide surface area in the range 40-112 m2/g has only a modest effect on 
conversion and selectivity. Addition of Zr02 to Ce02 significantly increases the methane 
oxidation rate and the reducibility of the Ce02 but decreases the selectivity to carbon 
monoxide. At high methane concentration, carbon deposition occurs so rapidly that the 
oxidation reaction is terminated by coking of the metal particles before depletion of 
available lattice oxygen. 
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Table 2.1 Surface areas, average pore diameter, pore volume from N2 adsorption, and 
average grain size from X-ray diffraction of 0.5% Pt/Cel-xZrx02 samples 
BET surface area Average pore 
Sample (m2/g) diameter (A) 
PtlCe02" 40.4 112 
PtlCe02b 56.4 133 
PtlCe02c 4 207 
PtlCe02c 112 48.2 
PtiCeoSZrO.202 a 58 .6 90.0 
PtiCeosZr0502 a 41.7 63 .7 
a prepared by citrate complex.ation and calcined at 600°C 
b prepared by citrate complex.ation and calcined at 500°C 
C commercial samples 









Table 2.2 Products of reaction of gas mixtures with 50/0 and 200/0 C~ in He on 0.50/0 
PtfCe02 samples at 600°C and 700°C. 
Temperature (0C) 600 700 
CH4 feed (%) 5 20 5 20 
Cycle number 2 2 2 2 
H2 303 204 262 256 341 314 260 257 
Products CO 139 97 117 114 156 150 III 109 
(J1.mol) CO2 8.7 5.6 6.8 7.4 9.3 7 7.8 8.3 
H2O 14 7.9 4.7 6.1 9.7 8.9 5.0 7.3 
Carbon 9.9 3.5 9.7 9.5 10 4.6 13 14 
CO selectivity (%) 94.1 94.6 94.5 93.9 94.4 95.5 93.5 92.9 
DR(%) 58.8 39.9 46.6 46.5 63.4 59.5 45.6 46.0 
Reaction conditions: 0.1 g catalyst, total flow rate 50 cm3 fmin, reaction time 7 min 
30 
r-------- ------------------------------------------------~ 
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Figure 2.1 X-ray diffraction patterns of Cel-xZrx02 samples. 
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Figure 2.4 Results of reduction of 0.5% PtiCel-xZrx02 by a sequence of 0.5 cm3 CO 
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Figure 2.5 Results from reaction of a sequence of 1 em3 C}-4 pulses with 05% PtJCel-xZrx02 
(x=O, 0.2, and 0.5) at 600°C (a) C}-4 conversion and CO selectivity vs. pulse 
number (b) C}-4 conversion vs. degree of reduction (c) Cumulative products from 
reaction with 40 pulses of C14. 
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Figure 2.7 Results from reaction of 0.5 cm3 pulses of C~ with 0.5% Pt/Ce02 at 550, 


























Figure 2.8 Cumulative products from 30 0.5-cm3 -pulses of C& reacting with 0.5% 
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Figure 2.10 Rate of CO hydrogenation at 350°C on PtlCe02 with different Pt loadings 





Figure 2.11 Suggested reaction network for methane oxidation on Pt/Cel_xZrx02 (Stars 
indicate surface species). 
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Methane Partial Oxidation on PtlCe02 and Ptl AI20 3 Catalysts 
Pi boon Pantu and George R. Gavalas 
Division of Chemistry and Chemical Engineering, California Institute of 
Technology, Pasadena, CA 91125 
Abstract 
Partial oxidation of methane to synthesis gas over O.5wt% PtlAh03 and O.5wt% 
PtlCe02 catalysts was studied in a packed-bed reactor and supplementary runs of 
methane refonning with carbon dioxide were carried out. Fresh and used catalysts were 
characterized by nitrogen adsorption (BET method) for total surface area, and by H2 and 
CO chemisorption or by the rate of propene hydrogenation for metal surface area. At 
temperatures up to 650°C, the Pt/Ce02 catalyst gave considerably higher methane 
conversion and higher selectivity to CO and H2 but above 700°C, the activities and 
selectivities of both catalysts were comparable. The PtlCe02 catalyst maintained high 
selectivity to CO and H2 when the CR.:02 feed ratio varied from 1.7 to 2.3 while the 
PtiAlz03 catalyst had lower activity and selectivity under methane-rich conditions. The 
PtlCe02 catalyst was also more active for methane refonning by carbon dioxide. 
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3.1 Introduction 
Catalytic partial oxidation of methane to synthesis gas is an attractive alternative 
to steam reforming for production of synthesis gas. The exothermic nature of partial 
oxidation makes the process less energy and capital cost intensive than the conventional 
endothennic steam refonning, and the lower H2/CO ratio of about 2 is more favorable 
with respect to downstream processes such as methanol synthesis and Fischer-Tropsch 
synthesis of higher hydrocarbons. 
CH 4 + 11202 ~ CO + 2H 2 ~H =-36kJ/mol (3 .1) 
Several supported noble metals (Rh, Pt, Ru, Pd) or Ni catalysts have given high 
conversion and high selectivity to CO and H2 [1-10] . Although the supports used in these 
studies were mainly irreducible oxides such as Ah03, Si02, MgO, etc., use of reducible 
oxides could result in additional process benefits. 
Cerium oxide has been used in automotive exhaust catalysts (three-way catalyst, 
TWC), typically consisting of Pt, Pd, and Rh supported on alumina pellets, or monolith 
containing a small amount of cerium oxide. In these catalysts, cerium oxide primarily 
serves as an oxygen storage component [11-12] ensuring stable conversion during the 
oxygen richllean oscillation of the exhaust gas composition. In addition, cerium oxide 
hinders the thermally induced sintering of the support [13-14], stabilizes the metal 
dispersion [15-16], and promotes the water gas shift reaction at relatively low 
temperatures [17-20] . In a series of publications [21 -23], Gorte and coworkers reported 
that noble metals (Pd, Pt, Rh) had much higher specific rates for water gas shift, steam 
reforming, and carbon dioxide reforming of methane when supported on cerium oxide 
than when supported on silica or alumina. They pointed out that the advantage of cerium 
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oxide as a support was due to its reducibility and proposed that the reactions involved a 
bifunctional mechanism in which oxygen from cerium oxide reacts with carbonaceous 
species adsorbed on the noble metal while the partially reduced celium oxide is 
simultaneously reoxidized by the gaseous oxidant. 
The reducibility of cerium oxide could also be useful for the partial oxidation of 
methane on supported metal catalysts. Otsuka et al. [23-26] were the first to show that 
cerium oxide could partially oxidize methane to synthesis gas, in the absence of gaseous 
oxygen, and that addition of small quantities of platinum powder could greatly enhance 
the rate of oxidation. In a previous publication [27], we reported results on methane 
partial oxidation by direct reaction with Pt/Ce02 catalysts. The selectivity of the reaction 
to CO and H2 increased with the degree of reduction of the cerium oxide support and 
exceeded 90% after 10% of Ce02 was reduced to Ce203. Re-oxidation of the reduced 
cerium oxide was in all cases very fast. 
Because of its fast reduction and oxidation, cerium oxide may also be a useful 
support for the partial oxidation of methane by gaseous oxygen and the reforming of 
methane with carbon dioxide. However, Ruckenstein and Wang [28] recently reported 
that rhodium supported on irreducible oxides was more active and more stable for 
methane partial oxidation than rhodium supported on reducible oxides (including cerium 
oxide). The authors suggested that the lower activity in the case of the reducible supports 
was due to partial coverage of rhodium sites by migration of the partially reduced oxide 
during the reaction and the lower selectivity resulted from fast combustion of methane on 
the reducible oxides. In this paper we reexamine the issue of reducible versus irreducible 
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supports for partial oxidation of methane for the case of platinum rather than rhodium 
catalysts. 
3.2 Experimental 
3.2.1 Catalyst preparation 
Cerium oxide supports were prepared using the citrate complexation technique 
[29J. Equal molar quantities of Ce(N03)3·6H20 (Alfa, 99.5%) and citric acid (Aldrich, 
99.5%) were dissolved in water separately. The solutions were mixed and dried in a 
vacuum oven at 70-80°C for 4-6 h resulting in an amorphous foam-like precursor that 
was subsequently calcined in air at 600°C for 4 h to a fine oxide powder. The oxide 
powder was mixed with a small amount of water and a measured quantity (4wt% of the 
oxide powder) of colloidal silica (Aldrich, LUDOX® SM-30) as a binder, pressed to a 
dense paste, dried and calcined at 600°C for 4 h. The calcined solid was crushed and 
sieved to 50-100 mesh (0.2-0.3 mm). An aluminum oxide sample (HarshawlFiltrol, y-
AhO}) was also crushed and sieved to the same size. Platinum was added to the oxide 
supports by incipient wetness impregnation with a solution of PtCl4 (Alfa, 99.9%). The 
impregnated oxides were dried and calcined in air at 600°C for 4 h. The final Pt/Ce02 and 
PtlAh03 catalysts had surface areas of 40 and 268 m2/g, respectively, and both contained 
O.Swt% platinum. 
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3.2.2 Reactor setup and sample pretreatment procedure 
Partial oxidation of methane was studied in a tubular quartz reactor (ill 4 mm). A 
50-mg sample was placed in the middle of the reactor supported at the bottom with a 
quartz wool plug and at the top covered with 100 mg quartz chips (50-100 mesh). The 
catalyst bed lengths were 3 and 6 mm for PtlCe02 and Pt/Ah03 samples, respectively. A 
mass spectrometer (UTI 100C) was used in all experiments to measure the composition 
of the product gas. Before using in reaction experiments, fresh PtlCe02 samples were 
heated to the reaction temperature in oxygen flow (50 mllmin) and kept at that flow for 
1 h. The reactor was then purged with helium (50 mllmin) for 1 h to remove gaseous and 
adsorbed oxygen before switching to the reactant flow. Fresh PtlAh03 samples were 
heated to the reaction temperature in flow of 15%H2-He (60 mllmin) and kept in that 
flow for 1 h before switching to the reactant flow. 
3.2.3 Methane partial oxidation 
In the first set of experiments, the feed was undiluted C}4-02 mixture in 2: 1 ratio 
at total flow rate 110-120 ml/min. Measurements were carried out at furnace temperature 
adjusted sequentially to 400, 500, and 600°C. At each reaction temperature, the rate was 
measured every 15 minutes until steady state was achieved (usually it took 1-1.5 h) after 
which the temperature was raised to the next level at 6.6°C/min heating rate. 
In another set of experiments, the rate of methane partial oxidation was measured 
at 600-700°C for diluted feed (C}4:02:He = 2: 1: 17) at total flow rate 50 mllmin. At each 
temperature, product composition was measured every 20 min for 3 h after which the 
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reactant flow was replaced by helium flow at 50 mUmin. Subsequently three oxygen 
pulses (0.5 ml each pulse) were passed through the reactor at a one-minute intervals. 
Oxygen consumption and carbon oxides production were measured using the mass 
spectrometer. 
3.2.4 Carbon dioxide reforming of methane 
Supporting experiments on reforming of methane with CO2 were carried out at 
600 and 700°C by passing a stream of 10% CI-4, 10% CO2, balance helium through the 
pretreated catalysts at total flow rate 50 mUmin. The transient product composition was 
measured until steady state was reached in about 1-1.5 h. 
3.2.5 Catalyst characterization 
-Total swface area 
The BET surface areas of catalysts were measured by nitrogen adsorption at 
liquid nitrogen temperature usmg a Micromeritics ASAP 2000 analyzer. The surface 
areas were measured for the fresh catalysts and for the catalysts exposed to the diluted 
feed at 700°C for 2 h. 
-Platinum dispersion 
Platinum dispersion on the alumina-supported catalysts was estimated from H2 
and CO chemisorption at room temperature assuming a 1: 1 stoichiometry for both gases 
and a hemispherical shape of the platinum particles. For this purpose, a 100-200 mg 
catalyst sample was packed in a tubular quartz reactor and reduced in hydrogen flow (50 
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ml/min) at 500°C for Ih. The reactor was then purged by helium flow (50 mUmin) and 
cooled down to room temperature. Subsequently, pulses of CO (l00 III per pulse) or 
pulses of H2 (25 III per pulse) were passed through the catalyst until no further adsorption 
was detected. A gas chromatograph equipped with a thermal conductivity detector and a 
mass spectrometer were used to measure CO and H2 concentrations at the outlet. 
Platinum dispersion on catalyst supported on cerium oxide could not be estimated 
from H2 or CO chemisorption because both gases adsorb on cerium oxide. Instead, an 
indirect method based on the rate of propene hydrogenation was employed. The rate of 
this structurally insensitive reaction was measured at O°C under differential conditions. A 
catalyst sample of 10-50 mg mixed with 100 mg of quartz chips was packed in the middle 
of a tubular quartz reactor (ID 4 mm) and reduced in hydrogen flow at 500°C as 
described above. After cooling down to O°C, a flow of 10% propene and 10% hydrogen 
in helium (50 ml/min) was passed through the reactor and product composition was 
measured using the mass spectrometer. The rate of propene hydrogenation was also 
measured on the PtlAh03 catalysts. Thus a conversion factor was established for the 
alumina-supported catalysts between H2 chemisorption and the rate of propene 
hydrogenation. This conversion factor was also used for the catalyst supported on the 
cerium oxide assuming that the specific rate of hydrogenation was independent of the 
support. 
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3.3 Results and discussion 
3.3.1 Catalyst characterization 
The BET surface areas and platinum dispersion of the PtlCe02 and PtJ Ah03 
catalysts are presented in Table 3.1. As freshly prepared, PtlCe02 had a higher propene 
hydrogenation rate than Ptl Ah03 suggesting somewhat higher dispersion of PtlCe02 
despite of the lower support surface area. After being used in methane partial oxidation at 
700°C, both catalysts lost surface area but the PtlCe02 catalyst suffered more severe loss. 
The propene hydrogenation activity of PtlCe02 was also drastically reduced indicating 
large loss of accessible platinum. On the other hand, the propene hydrogenation activity 
of Ptl Ah03 did not change much indicating a smaller extent of sintering. The adsorption 
of CO and H2 on PtlAh03 also showed only small decline after reaction at 700°C 
consistent with the propene hydrogenation rate. The catalysts exposed to reaction at 
600°C had very similar propene hydrogenation rates suggesting comparable dispersion of 
platinum on both supports. 
3.3.2 Catalytic activity 
The results of experiments using the undiluted reactant mixture are shown in 
Table 3.2. In this set of experiments, the furnace temperature was set to a relatively low 
level (400-600°C) to compensate for the large amount of heat released. As reported by 
Dissanayake et al. [30], at high flow rate of the CJ-4-02 feed, a steep hot spot developed 
inside the catalyst bed making it very difficult to define or measure a reaction 
temperature. In the present experiments, the temperature inside the catalyst bed was 400-
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500°C higher than the furnace temperature and when using the Ptf Ah03 catalyst there 
was a temperature difference of 200°C or more along the catalyst bed. Under these 
conditions, a single reaction temperature could not be defined and the furnace 
temperature was used only to characterize the reactor operation. Although an 
unambiguous comparison of the two catalysts is impossible under these conditions, 
qualitative trends about activity and selectivity could be observed. Increasing the 
temperature resulted in higher methane conversion and CO and H2 selectivity for both 
catalysts. Small increases of the oxygen content in the feed stream (CHv'02 = 1.9 to 1.7) 
also resulted in higher methane conversion but the selectivity remained unchanged. 
Under oxygen-deficient conditions (CHJ02 feed ratio 2.3), on the other hand, the 
PtfCe02 catalyst maintained high CO and H2 selectivity but the Ptf Ah03 catalyst gave 
significantly lower conversion and somewhat lower selectivity. It was also found that the 
PtfCe02 catalyst had significantly higher selectivity for H2 than for CO. No visible 
carbon deposit appeared on the PtfCe02 catalyst over the range of feed compositions 
examined, but the PtfAh03 catalyst became darker under methane-rich conditions 
indicating some coke deposit which, however, was not measured. 
To examine the effect of reaction temperature on methane oxidation it was 
necessary to avoid the development of a hot spot. Accordingly, in the second set of 
experiments the feed was diluted with helium and the flow rate was reduced. The CRt:02 
feed ratio in these experiments was kept in the range 1.8-2. Table 3.3 presents the results 
of runs using diluted feed and compares them with constrained equilibrium values 
(excluding carbon formation and fixing the value of the CRt:02 feed ratio at the nominal 
value of 2). In all experiments oxygen was completely consumed. At 600°C, the PtfCe02 
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catalyst gave significantly higher methane conversion and higher selectivity to CO and 
H2 but the activity and selectivity of both catalysts were still far below the equilibrium 
values. Replicate runs gave less than lO% relative error on conversion and selectivity. 
Also, variation of the C~:02 ratio within the indicated range (l.8-2) gave small changes 
in conversion and selectivity. Therefore, the larger differences in activity and selectivity 
of the catalysts at 600°C can be attributed to the different properties of the catalysts. At 
700°C, the activity of both catalysts became comparable and the product composition 
approached equilibrium. 
As mentioned in the experimental part, the packed bed of the alumina-supported 
catalyst was twice as long as the bed of the higher density ceria-supported catalyst. 
Although the space velocities with respect to platinum were the same for both catalysts, 
the different bed lengths raised the possibility of different temperature distributions 
resulting from the exothermic reaction and influencing the comparisons of activity and 
selectivity. To test that possibility an additional experiment was carried out in which the 
PtlCe02 catalyst was mixed with quartz chips to double the bed length. The results 
showed no significant difference between the diluted and the undiluted catalysts 
indicating that the different bed lengths were not a significant factor in the results 
obtained with the helium-diluted feed. 
During regeneration by oxygen pulses, only small quantities of carbon oxides 
were produced indicating in all cases negligible carbon deposition (less than 0.006% of 
methane converted). Oxygen consumption during regeneration was negligible in the case 
of the Ptl Ah03 catalysts but considerable for the PtlCe02 catalysts resulting from re-
oxidation of the partially reduced cerium oxide. By assuming that reaction with oxygen 
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can completely oxidize the oxide support, the degree of reduction (DR) is defined as the 
quantity 
DR (%) = iOO[oxygen uptake)/(nce12), (3.2) 
where nCe is the gram equivalents of cerium in the catalyst, and oxygen uptake is the 
atomic oxygen consumption minus the atomic oxygen in the oxygenated products. With 
this definition, DR=O corresponds to Ce02, DR=lOO corresponds to Ce203, and 
intermediate DR correspond to nonstoichiometric Ce02.x. In the case of the PtlCe02 
catalyst, selectivity to CO and H2 increased with degree of reduction and both selectivities 
increased with reaction temperature, consistent with our previous results [27]. 
Additional experiments with very short catalyst beds (10 mg) were carried out at 
600°C and 700°C (Table 3.4). Despite the small amount of catalyst and the very short bed 
length (ca. 1 mm), oxygen conversion was 100% for both catalysts. However, methane 
conversion and selectivity to CO and H2 were significantly lower than in the experiments 
conducted using 50 mg of catalyst. These results suggest that fast methane oxidation 
depletes gaseous oxygen in the front section of the catalyst bed after which the C02 and 
H20 products further react with methane resulting in additional methane conversion and 
CO and H2 production. Since methane oxidation by gaseous oxygen was fast on both 
catalysts, the different activities must be attributed to the methane reforming by C02 and 
H20 after oxygen was completely consumed. 
Separate runs of methane reforming with CO2 were carried out, and as shown in 
Table 3.5, reforming on PtlCe02 at 600°C was about two times faster than on PtlAh03. 
At 700°C, the difference in the reforming activity of both catalysts became less 
pronounced as the products approached equilibrium. A number of previous reports also 
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showed that methane reforming with C02 or H20 over noble metals supported on cerium 
oxide were faster than over the metals supported on aluminum oxide [17-23]. The faster 
reforming on cerium oxide-supported catalysts is likely due to the utilization of lattice 
oxygen from the oxide support and reoxidation of the lattice by gaseous C02 and H20 as 
previously reported in the literature [21-23]. Finally, the values of H2:CO ratio higher 
than 2 measured at the lower temperatures suggest that on PtJCe02 methane reforming 
with water is faster than reforming with C02, consistent with a previous report [25] that 
water is a better oxidizer for the partially reduced cerium oxide. 
The faster reforming reactions on PtJCe02 could explain the higher methane 
conversion and higher selectivity to CO and H2 obtained with that catalyst in the partial 
oxidation of methane at 600-650°C. The redox reactions of cerium oxide with C~ and 
CO2 or H20 at or near the Pt-Ce02 interface are expected to be important in steady state 
partial oxidation of methane, especially in the downstream section of the catalyst bed 
where there is no gaseous oxygen. 
Ruckenstien and Wang [28] previously reported that rhodium supported on 
reducible oxides had much lower activity and selectivity for partial oxidation of methane 
than rhodium on irreducible oxides. The difference was attributed to partial coverage of 
rhodium sites by the reducible oxides and the high total combustion activity of the 
reducible oxides. It should be noticed, however, that the reducible oxides used in their 
study had very low surface areas (less than 5 m2/g). Moreover, the rhodium surface areas 
of the reducible oxides were approximately one order of magnitude lower than those of 
the irreducible oxides. Thus, the lower activity of rhodium supported on the reducible 
oxides could be due to their lower support and metal surface areas. Different metal-
54 
support interactions between Rh-Ce02 and Pt-Ce02, could also contribute to the observed 
differences between supported Pt and supported Rh catalysts. 
3.4 Conclusions 
Methane partial oxidation over platinum supported on cenum oxide and 
aluminum oxide was investigated. At low temperatures, the PtfCe02 catalyst gave higher 
conversion and selectivity, possibly due to redox reactions near the interface of Pt-Ce02 
where lattice oxygen can oxidize adsorbed methane and be replenished by reaction with 
CO2 and H20. At higher temperatures, the promotion effect of the cerium oxide support 
becomes less important and the activities and selectivities of both catalysts become 
comparable. The Pt/Ce02 catalyst maintained high activity and selectivity throughout 
variations of the C~:02 feed ratio from 1.7 to 2.3 while the Ptf Ah03 catalyst had lower 
activity under methane-rich conditions (C~02 = 2.3). The redox reactions of the support 
near the metal-oxide interface could also contribute to the higher activity of PtfCe02 in 
methane reforming by carbon dioxide. 
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Table 3.1 BET surface areas and specific rates of propene hydrogenation and estimated 
platinum dispersion of fresh and used samples of 0.5wt% PtlCe02 and 0.5wt% 
Ptf Ah03 catalysts 
Catalyst 
PtlCe02 (fresh) 
PtlCe02 (used) 1 
PtlCe02 (used)2 
PtlAl20 3 (fresh) 
PtlAI20 3 (used)' 






























Pt dispersion Pt dispersion 





The used sample means that it was used for methane oxidation with the diluted 2: 1 C~-
02 feed for 2 h (1) at 600°C, and (2) at 700°C. 
a Specific rate of propene hydrogenation was measured at O°C under differential 
conditions using a feed of 10% propene, 10% H2 in He at 50 mlfmin 
b The dispersion was calculated based on a conversion factor deduced from Pt dispersion 
measured by chemisorption of H2 and the rate of propene hydrogenation. 
C Chemisorption was measured at room temperature using dynamic pulse method. 
Table 3.2 Methane partial oxidation on 50 mg of 0.5% Pt/Ce02 or 0.5% PtiAlz03 catalysts using undiluted methane-oxygen feed at 
110-120 ml/min flowrate 
Furnace CHJ0 2 0.5% Pt/Ce02 0.5% PtJAhO) 
temperature feed molar CH4 CO H2 H2:CO CH4 CO Hz Hz:CO 
(OC) ratio conversion selectivity selecti vity ratio conversion selectivity selectivity ratio 
(%) (%) (%) (%) (%) (%) 
400 1.7 75 70 88 2.5 70 77 79 2.1 
500 1.7 80 76 89 2.3 81 79 86 2.2 
600 1.7 90 82 93 2.3 87 82 90 2.2 
'J) 
00 
400 1.9 71 70 89 2.6 67 77 82 2.1 
500 1.9 76 77 91 2.4 72 79 86 2.2 
600 1.9 83 84 94 2.2 78 82 91 2.2 
400 2.3 58 68 92 2.7 42 67 60 1.8 
500 2.3 63 76 93 2.4 45 71 70 2.0 
600 2.3 69 84 95 2.2 52 77 79 2.0 
The oxygen conversion was always 100%. 
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Table 3.3 Methane partial oxidation on 50 mg of 0.5% PtJCe02 or 0.5% PtJAb03 
catalysts using diluted feed at 50 mllmin flowrate and composition C~:02 = 







































































Oxygen conversion was always 100%; the equilibrium state was calculated based on 
C~:02 = 2 and without allowing carbon formation. 
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Table 3.4 Methane partial oxidation on 10 mg of 0.5% Pt/Ce02 or 0.5% Ptl Ah03 


































Table 3.5 Carbon dioxide reforming of methane on 50 mg of 0.5wt% Pt/Ce02 or 0.5wt% 
Pt/Ah03 catalysts using feed C~:C02:He = 1:1:8 at 50 ml/min flowrate 
Catalyst Temperature CH4 conversion CO2 conversion 
(0C) (%) (%) 
0.5o/c PtJCe02 600 56 64 
700 89 92 
600 27 34 
700 67 73 
Equilibrium state 600 63 72 
700 88 92 
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A Multiple Microreactor System for Parallel Catalyst Testing 
Pi boon Pantu and George R. Gavalas 
Division of Chemistry and Chemical Engineering, California Institute of 
Technology, Pasadena, CA 91125 
Abstract 
A system containing mne catalytic microreactors for parallel testing of 
heterogeneous catalysts is described. The catalyst samples are prepared in the form of 
thin films by dip-coating thin quartz rods with solutions of suitable composition. The 
catalyst-coated rods are placed within thin tubes housed inside a single wider tube and 
heated in an electrical furnace. A multi position valve serves to conduct the reaction 
products sequentially from each microreactor to a mass spectrometer for analysis. The 
system was tested with the reaction of methane reforming with carbon dioxide over 
PtlCel-xGdx02-0.5x and PtlCel-xSmx02-0.5x at 650°C and 700°C. The individual catalysts 
were characterized by X-ray analysis, and induction-coupled plasma mass spectrometry 
for catalyst mass and elemental composition. The measurements showed that PtlCe02 
had the highest activity among the series of catalysts tested and, generally, the activity 
increased with the cerium oxide content. After exposure to the feed stream for 2-3 h at 
700°C, most catalysts suffered significant deactivation with the exception of the mixed 
oxides with 25-85% samarium oxide that maintained relatively stable activity. 
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4.1 Introduction 
Parallel processing techniques allow large numbers of materials with systematically 
varying composition to be prepared and tested simultaneously resulting in large increases 
of productivity in catalyst discovery and development. Initially developed in medicinal 
chemistry research, such techniques have been recently introduced to the development of 
heterogeneous catalysts and other solid state materials. Sputtering and physical masking 
techniques originally proposed by Hanak (1970) were recently used for rapid synthesis of 
thin film catalyst "libraries" (Xiang et al. 1995; Cong et al. 1999). Conventional catalyst 
preparation by co-precipitation and impregnation can also be carried out in a high-
throughput fashion with the aid of an automatic liquid dispenser (Reddington et al. 1998; 
Senkan and Ozturk 1999). Parallel screening for catalyst activity has been carried out by 
optical techniques such as IR thermography (Moates et al. 1996; Holzwarth et al. 1998; 
Haap et al. 1998; Snively et al. 2000), resonance-enhanced multiphoton ionization 
(Senkan and Ozturk 1999), and laser-induced fluorescence imaging (Su and Yeung 
2000). More commonly, sequential measurement by mass spectrometry is used to 
determine product distribution (Cong et al. 1999; Orschel et al. 1999). Sequential rather 
than parallel measurement of catalytic activity and selectivity does not detract from the 
value of the parallel processing techniques in as much as the time for a single mass 
spectrometric measurement, often taking less than one minute, is much shorter than the 
several hours taken by preparation, mounting in a reactor, calcination, reduction and 
other conditioning needed in conventional catalyst preparation and testing. 
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The need for convenient placement of catalysts in reactors for parallel testing has 
been approached by different designs. Systems similar in design to conventional reactors 
have been used by Hoffmann et al. 1999 and Perez-Ramirez et al. 2000. Senkan et al. 
(1999) developed an array of reactor channels machined in an alumina block capable of 
accommodating on the order of 100 different catalysts. An x-y-z computer-controlled 
mechanism was used to move the reactor so that the product from different channels 
could be sampled sequentially by a fixed mass spectrometer probe. Several sophisticated 
instruments for high throughput catalyst testing are now commercially available. 
Nevertheless, there is also need for simple, low-cost, multi reactor designs for use in 
academic and industrial laboratories. 
In this paper, a multireactor design is described that is suitable for testing certain 
multicomponent oxide catalysts, zeolite catalysts, and supported metal catalysts. The 
system contains nine tubular microreactors operating in parallel. The catalysts are 
prepared as thin films coated on quartz or other ceramic rods, although it is also possible 
to use powdered samples. The coated rod geometry facilitates catalyst preparation and 
loading and unloading in the reactors. The multi reactor system is tested with the 
methane-carbon dioxide reaction over platinum supported on rare earth catalysts. This 
reaction was chosen based on previous work of methane reforming by carbon dioxide on 
ceria supported noble metals (Craciun et al. 1998; Sharma et al. 2000; Wang and Lu 
1998; Xu et al. 1999). Addition of another rare earth oxide to cerium oxide was 
considered a possible means of increasing oxygen mobility and catalytic activity. 
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4.2 Experimental 
4.2.1 Catalyst preparation 
Catalyst samples were prepared by dip-coating thin layers of mixed cerium-
gadolinium or cerium-samarium oxides on quartz rods (1 mm diameter) and subsequently 
adding the metal also by dip-coating. Prior to coating, the quartz rods were roughened 
with sand paper and cut into pieces 4 cm long, cleaned with water, and finally cleaned 
with acetone in an ultrasonic bath. Mixed rare earth solutions were prepared by using the 
citrate complexation technique (Baythoun et al. 1982). Individual solutions of the metal 
precursors, Ce(N03k6H20 (Alfa, 99.5%), Gd(N03)3·6H20 (Alfa, 99.9%), or 
Sm(N03h6H20 (Alfa, 99.9%), were prepared by dissolving equal molar amounts of the 
metal precursor and citric acid in ethanol to a 0.77 M metal concentration. Mixed 
solutions of cerium with 0, 10, 25, 40, 55, 70, 85, and 100% gadolinium or samarium 
were prepared by mixing specified amounts of the metal solutions in small vials to a total 
volume of 3 m!. The mixed solutions were vigorously stirred for 2 h and then 1ml of 7% 
(wt/v) ethyl cellulose solution in ethanol was added to the solutions to increase viscosity 
and binding affinity for coating. The vials were subsequently placed in a multi-well block 
while the quartz rods were vertically placed in another block in corresponding positions. 
The quartz rods were then immersed in the solutions for 30 seconds after which the vial 
block was lowered removing the solutions at a controlled speed of 6.4 cm/min. The 
coated rods were dried at room temperature for 4 h, further dried at 120°C for 2 h, and 
calcined at 600°C in air for 4 h resulting in thin films of white oxides. Platinum was 
added to the coated films by a similar dip-coating procedure using a solution of 0.007 M 
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platinum (PtCI4, Alfa 99.9%) with 3% (wt/v) ethyl cellulose in ethanol and usmg a 
pulling speed of 1.2 cm/min. The coated rods were left overnight at room temperature for 
drying. Each rod had a coated section 2 cm long and a bare section about 1.5 cm long. 
4.2.2 Catalyst characterization 
X-ray powder diffraction analysis of the coated catalysts was carried out using a 
Scintag Pad V diffractometer with Cu-Ka radiation. Inductively coupled plasma mass 
spectrometry (lCP-MS, Perkin-ElmerlSciex Elan 5000A) was used for elemental analysis 
to check the consistency of catalyst loading on the coated rods. Powdered samples 
prepared by drying coating solutions and calcining them at 600°C for 4 h were 
characterized for BET surface area using a Micromeritics ASAP 2000 instrument. 
4.2.3 Reactor configuration 
The reactor system contained 10 quartz tubes (4 mm O.D., 2 mm LD.) placed 
inside a 2.5 cm O.D. quartz cylinder and held in place by a custom-made Teflon adapter 
(Fig. 4.1a). One of the tubes was used to house a thermocouple for controlling the 
temperature, while the other tubes were loaded with the catalyst rods having the non-
coated ends resting on the bottom of the reactor system (see Fig. 4.1a inset). The quartz 
cylinder was placed in a tubular furnace such that the top of the cylinder remained 
outside of the furnace and was close to ambient temperature. The feed stream was 
introduced through a common inlet at the top of the quartz cylinder, entered the 
individual microreactors at the bottom, and exited at the top. A lO-position valve was 
used to conduct the product of a particular reactor to a valve equipped with a sample loop 
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for injecting 0.5 ml pulses of the selected stream to a mass spectrometer (UTI 100C) for 
analysis (Fig. 4.1 b). Before testing a new batch of catalysts, the reactor tubes were 
cleaned with 17% nitric acid in an ultra sonic bath and rinsed with water. 
4.2.4 Reaction conditions 
The reactor system was heated to 600°C at a heating rate of 10°C/min in an 
oxygen flow of 50 mllmin and kept at that temperature for 30 minutes. The temperature 
was then raised to 650°C at 2.5°C/min and the system was purged with helium (50 
mllmin) for 1 h before switching to a reactant flow of 1: 1 C~:C02 at 30 ml/min. The 
product composition was monitored for 1 h at 650°C after which the reactor was heated to 
700°C at 2.5°C/min and the product composition was measured at that temperature for 3 
h. The CO yield was calculated and used as an indication of catalyst activity. 
CO yield (%) = 100 x [CO] 
[CH 4 ] + [COz]+[CO] 
(4.1) 
where [CO], [C~],and [C02] are the gaseous concentrations in the product stream. 
4.3 Results and discussion 
4.3.1 Catalyst characterization 
The catalyst films appeared to be very thin and uniform. X-ray diffraction 
analysis showed characteristic peaks similar to those of bulk oxides although the peaks 
were very weak due to the very small catalyst loading in each sample. Elemental analysis 
on replicate samples using ICP-MS revealed that the sample rods contained 64±4 /lg of 
catalyst each, while the platinum content was 0.74±0.04 wt% of the coating. Due to the 
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very small catalyst loading on each rod, direct measurement of surface area was not 
possible. Surface areas of catalyst samples were estimated to be less than 10 m2/g based 
on values measured with powder samples obtained by drying the coating solutions. 
4.3.2 Reactor characterization 
Measurement of temperature in different microreactor tubes showed uniformity 
within soc. Measurements of the flowrate through seven of the tubes gave equal values 
within ±S%, but the other three tubes had significantly lower or higher flow rate. The 
unequal flow in these three tubes was likely due to differences in the constrictions inside 
the lO-position valve. Therefore, only seven reactor tubes, those with uniform flow rates, 
could be used for catalyst testing in this particular system. Of the three tubes having 
different flowrates, one was used for blank run, and one for inserting the thermocouple 
for furnace temperature control. Measurements of catalyst activity for the last tube gave 
considerably higher conversion due to lower flowrate. 
4.3.3 Catalyst testing 
Preliminary experiments using identical Pt/Ce02 catalysts in each reactor gave 
conversions varying less than ±20%. Runs using rods coated with cerium oxide without 
platinum and with unsupported platinum gave very low conversions. The very low 
catalyst activity in the first case could be explained by the absence of the component 
responsible for methane activation, and in the second case by the very low dispersion of 
the unsupported metal. Bitter et al. (1997) reported that unsupported platinum black and 
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platinum supported on silica had very low activity whereas platinum supported on 
alumina and zirconia had very high activity. 
Activities of PtlCel-xGdx02-0.5x catalysts for methane reforming with carbon 
dioxide were tested in the multireactor system at 650°C and 700°C and the CO yields 
obtained are plotted against the gadolinium content in Figure 4.2. In all cases, selectivity 
to hydrogen was low, consistent with the low selectivity to hydrogen at low C~ 
conversion reported by Bradford and Vannice (1998). Because of the difficulty of 
accurately measuring the low levels of hydrogen, catalyst activity was characterized by 
the yield of CO which was higher and easier to measure. At 650°C, all catalysts showed 
induction periods of approximately 1 h during which conversion increased and reached a 
maximum after which it slowly declined to a steady level. Generally, the activity 
decreased with increasing gadolinium content and was highest for the PtlCe02 catalyst. 
After the reaction temperature was raised to 700°C, the catalysts with high cerium or high 
gadolinium content reached their maximum conversion level within 10 minutes but the 
catalysts with intermediate composition of the mixed oxides took 40-50 minutes to reach 
the maximum. A trend of decreasing activity with increasing gadolinium content was also 
observed at 700°C. At this temperature, all catalysts underwent gradual deactivation 
reaching after 1-2 h significantly lower but steady activities. 
The CO yields from reaction over PtiCel-xSmx02-0.5x at 650°C and 700°C are 
presented in Figure 4.3. At 650°C, the PtlCe02 catalyst had significantly higher activity 
than the catalysts containing samarium oxide. Catalysts with 40-70% samarium content 
gave very low CO yields and possibly were not fully activated at 650°C within the 1 h of 
reaction. After 1 h of exposure to the reactant stream at 700°C, the catalysts containing 
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40-70% samarium became activated giving yields of CO only slightly lower than those 
obtained with Pt/Ce02. Interestingly, catalysts with at least 25% samarium oxide 
maintained relatively constant activity for 2-3 h at 700°C, while pt/CeOz underwent 
significant deactivation within the same period. 
The induction time to maximum conversion is correlated with the reducibility of 
the support so that catalysts supported on mixed oxides, having higher oxygen ion 
mobility and being more readily reducible, had significantly longer induction time than 
the catalysts supported on the pure oxides. However, the mechanism of this activation 
could not be inferred from these limited experiments. Long induction periods for the 
same reaction were reported by Wang and Ruckenstein (2000) for rhodium supported on 
cerium or zirconium oxides. These authors suggested that the long induction time could 
be due to reconstruction of metal particles and migration of partially reduced support 
oxides. 
Replicate runs showed reproducible trends of catalytic activities for the Pt/Cel_ 
xGdxOz-o.sx and Pt/Cel-xSmxOZ-O.5x catalysts although the absolute values of the CO yield 
sometimes varied. This variation could be due to small variation of catalyst mass and 
uneven flow distribution. In addition, the long induction time could also cause some 
differences in yields that are measured within a limited time period. 
4.3.4 Extensions 
The loading of rare earth or other oxide catalysts can be significantly increased, if 
desired, by using instead of the glass rods porous a-Alz03 rods, and instead of dip-
coating applying the solution by impregnation. Rods of porous alumina can also be used 
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directly as metal supports using conventional impregnation. Another way to vary the 
catalyst loading is by changing the viscosity and/or concentration of coating solutions or 
the coating withdrawal speed. For example, using 8% (wt/v) poly vinyl butyral instead of 
ethyl cellulose (increasing the viscosity of the coating solution from 30 cps to 180 cps), 
the catalyst loading on each rod was increased to 120 ~g. 
The multi tube design can be modified to accommodate a much larger number of 
tubes. Increasing the diameter of the surrounding tube (see Figure 4.1) from 2.5 to 7.5 em 
will allow as many as 100 microreactor tubes to be accommodated. Automatic liquid 
dispensing will be essential for preparing a large number of solutions. A combination of 
multi position valves will permit sequential sampling all microreactors. Alternatively, a 
movable capillary probe may be inserted sequentially in the microreactors to draw 
product for mass spectrometry. In the case of a larger surrounding tube, uniform 
temperature can be achieved by preheating the feed gas before introduction into the 
surrounding cylinder. 
4.4 Conclusions 
A system of nine parallel microreactors was constructed that permits convenient 
catalyst preparation and loading in the form of thin films coated on quartz rods. By using 
a suitable polymer, the viscosity of all coating solutions can be raised to the same level 
guarantying uniform catalyst loading at dip-coating. The solution viscosity and other 
parameters of coating can be varied to change the catalyst loading. Multi-position valves 
can be used to conduct the product streams sequentially to a mass spectrometer for 
analysis. When using such valves, it is necessary to check for uniformity of flowrates 
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through the individual microreactors. The number of individual microreactors can be 
increased by a factor of 5 or 10 by using a larger number of multi position valves and 
preheating the feed to maintain uniform temperature. 
The multi reactor system was tested with carbon dioxide reforming of methane on 
a series of Pt/Cel_xGdx02_o.5x and Pt/Cel-xSmx02-0.5x catalysts. The coated catalysts 
showed similar properties to bulk catalysts and gave consistent and adequate activities for 
comparison purposes. The results showed that the Pt/Ce02 catalyst had higher activity 
than the catalysts supported over the mixed oxides. However, mixed samarium-cerium 
oxide showed a potential benefit of stabilizing catalytic activity although further 
experiments are needed for verification. 
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Methane partial oxidation readily takes place in the absence of gaseous oxygen 
over platinum or ruthenium supported on Ce02-Zr02. Addition of Zr02 to Ce02 
considerably increases the reducibility of the oxide and the rate of methane oxidation but 
decreases the selectivity to CO and H2 in the overall product. The oxidation of methane is 
initially very fast but produces mainly total oxidation products. The higher the Zr02 
content, the more CO2 and H20 produced as the oxide support must be reduced to 10, 40, 
and 65% degree of reduction for the oxide with 0, 20, and 50% zr02, respectively, before 
the high selectivity above 90% can be achieved. The oxidation utilizes lattice oxygen of 
the oxide support therefore the reaction is terminated when the available lattice oxygen is 
depleted. However, at high methane concentration, carbon deposition occurs so rapidly 
that the oxidation reaction is terminated by coking of the metal particles before depletion 
of available lattice oxygen. The fast rate of carbon deposition could be a problem for the 
application of this catalyst but by adjusting the feed ratio of solid oxide to methane it may 
be possible to minimize carbon deposition. 
Methane partial oxidation over platinum supported on cerium oxide or aluminum 
oxide appeared to involve total combustion followed by reforming of the remaining C~ 
with CO2 and H20. At low temperatures, the Pt/Ce02 catalyst gave higher conversion and 
selectivity, possibly due to the faster reforming rates enhanced by redox reactions near 
the interface of Pt-Ce02 where lattice oxygen can oxidize adsorbed methane and be 
replenished by reaction with CO2 and H20. At higher temperatures, the promotion effect 
of the cerium oxide support becomes less important and the activities and selectivities of 
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both catalysts become comparable. The PtfCe02 catalyst also maintained high activity 
and selectivity throughout variations of the CH4:02 feed ratio from 1.7 to 2.3 while the 
Ptf Ah03 catalyst had lower activity under methane-rich conditions. 
A system of nine parallel microreactors was constructed to facilitate testing of 
heterogeneous catalysts. The system design permits convenient catalyst preparation and 
loading in the form of thin films coated on thin quartz rods. By carefully controlling the 
coating procedure and the concentration and viscosity of the coating solutions, uniform 
catalyst loading can be attained as well as the amount of catalyst can be adjusted. The 
number of individual microreactors can be increased by a factor of 5 or 10 using the same 
reactor design and preheating the feed gas to maintain uniform temperature. The 
multireactor system was tested with carbon dioxide reforming of methane on a series of 
platinum supported on cerium-gadolinium or cerium-samarium oxides. The results 
showed that the PtlCe02 catalyst had the highest activity among the series of catalysts 
tested. However, mixed samarium-cerium oxide showed a potential benefit of stabilizing 
catalytic activity although further experiments are needed for verification. 
